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Abstract. Braking system is an essential mechanism that designed to provide a good handling 
in order to slow down or to stop a vehicle depends on situation and driver’s capability. In order 
to slow down or to stop the vehicle, brake pad will be pushed and make contact with the disc/rotor 
to form the friction. Resultant from braking event, it will produce vibration on disc/rotor 
structure. Thus, this study presents numerical prediction approach to identify the dynamic 
behaviour of disc brake structure using normal mode analysis in FEA software. Since the result 
of FEA is a prediction, the fidelity of FE model might be questioned. Therefore, measured data 
from EMA used to validate the predicted result of FEA through correlation process. As FE model 
used in this study made from assumption and simplification apart of real structure, it drive to 
discrepancy between FEA result and EMA data during correlation process. Hence, FE model 
updating approach implemented in order to reduce the discrepancy and increase the 
trustworthiness of FE model and it is become the main goal in the present study. The updating 
process has successfully reduced the discrepancy between FEA and EMA from 9.00 % of error 
to 4.05 % of error from its original value. As conclusion, the use of model updating process is 
important in preparing a reliable FE model of test structure no matters how simple or complex it 
is before being used for further analysis.    
 
1. Introduction 
Predominantly, each of vehicles has been designed with braking system to control the speed and give 
better handlings to the driver. Brake system is built from several components such as disc/rotor, piston, 
pad, calliper and knuckle as illustrated in Figure 1. In order to slow down the vehicle speed, the brake 
pad will be pushed by the piston to make a sliding friction with the disc/rotor. Due to this sliding friction, 
the structure tends to experience the vibration formed from dissipated kinetic energy of moving part. 
This friction-induced vibration has resulted the phenomenon called brake squeal [1]. In addition, [2] 
have mentioned most of the scientist and engineers have agreed that squeal noise in the disc brake is 
initiated by the instability due to friction forces, contributing to self-excited vibrations. Hence, the 
identification of dynamic behaviour of the disc brake structure subjected to the induced-vibration 
becomes a major interest in this study using modal analysis. 
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Figure 1. Exploded view of brake system [3]. 
 
Regarding to [4], modal analysis was conducted numerically and experimentally to determine the 
structural dynamic characteristics, in terms of modal frequencies, damping ratio, and mode shape. It is 
vital to identify the dynamic behaviour of the structure in the early development stage to avoid the 
resonance. Resonance effects are activated when the frequency content of the loading gets closer to the 
natural frequencies of the structure [5]. This was agreed by [6], it is paramount importance to 
periodically monitor the technical condition of components in order to avoid resonance or overload 
problems that may cause undesirable behaviour or even lead to critical failure. Thus, a reliable finite 
element (FE) model is required to monitor the structure periodically rather than make a repeated 
measurement of structure response that required highly expenses on expensive equipments and more 
efforts.  
In order to prepare the reliable FE model, the predicted result computed in finite element analysis 
(FEA) needs to validate with measured data of frequency response functions (FRFs) that executed from 
experimental modal analysis (EMA). This kind of validation of FE model was reported by [7] using 
correlation process which compared the modal parameters (natural frequency and mode shape) of a 
body-in-white (BIW) obtained from EMA as benchmark and analyzed in FEA as prediction. However, 
the discrepancy possibly occurred between EMA data and FEA result in correlation process. This 
happen due to inaccuracies of FE model; poorly known boundary conditions of structure, the unknown 
material properties of the structure or because of the simplification in the modelling of very complex 
structural system [8]. In encounter this problem, an approach called FE model updating will be used to 
reduce the discrepancy and reconcile the predicted result with its measured counterpart by adjusting 
certain parameters of the FE model. 
As mentioned by [9], FE model updating techniques are used to update the finite element model of 
a structure in order to improve its correlation with the experimental dynamic test data. Regarding [10], 
model updating techniques can be broadly classified as the direct methods and iterative methods. Direct 
methods are one-step procedures that seek to make a minimum change in the structural matrices so that 
the measured natural frequencies and mode shapes are reproduced by the updated model [10]. Despite 
of direct method, iterative methods are based on minimizing an objective function that is generally a 
non-linear function of selected updating parameters [11]. Practically, the iterative method seems more 
useful for larger and more complex structure in model updating technique. In addition, the sensitivity 
method probably the most successful of the many approaches to the problem of updating FE models of 
engineering structures based on vibration test data [12]. In the sensitivity method, the eigensolutions are 
often used to construct the objective function and the physical parameters of analytical FE model 
adjusted iteratively to minimize the discrepancy of dynamic properties between the analytical FE model 
and the measured counterpart [13]. This kind of iteratively updating based on sensitivity method 
successfully reported in their works [7, 14, 15]. 
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Due to outstanding capability of iterative model updating technique reported from the previous 
researchers, this technique has been adopted in preparing the reliable FE model to replicate disc brake 
structure and it has become the main goal for the present study. Last but not least, this updating technique 
managed to shrink the discrepancy between predicted dynamic properties with the measured 
counterpart. This supported by the previous published works [7, 16, 17] that reported their updating 
process successfully reduce the discrepancies between FEA and EMA. 
 
2. Finite element analysis (FEA) of disc brake  
Disc/rotor is major structure in brake system and directly exposed to friction induced-vibration. Hence, 
numerical approach using FEA is adopted to identify the dynamic behaviour of the structure using 
normal mode analysis SOL103 in MSC Nastran/Patran. This normal mode analysis used to extract 
natural frequency and mode shape of undamped system [18]. The entire process involved during this 
analysis has been summarized in Figure 2.    
Initially, the disc/rotor structure was modelled using computational aided design (CAD) software, 
SolidWork. Then, it was imported into FEA software, MSC Patran in “parasolid” format for pre-
processing stage. The similar approach has been reported in the previous work, where the test structure 
was modelled using CATIA V-5 software and been imported into Hypermesh for pre-processing in FEA 
and iterated by MSC Nastran solver [19]. 
During pre-processing stage, the FE model was meshed using solid element CTETRA10 topology 
that produced 3712 number of elements with 7243 number of nodes. Then, the FE model was assigned 
with the following nominal value of material properties; Modulus of Young, E = 130 GPa, density, ρ = 
7100 kg/m3, and Poisson’s Ratio, ν = 0.26. This nominal value was considered in the midst of the study 
for material properties effect on disc brake squeal by [2]. 
Once pre-processing stage done, the mathematical model generated for normal mode analysis in bulk 
data file (bdf.) format that will be used in iteration process by MSC Nastran solver to extract the modal 
parameter (natural frequency and mode shape) of disc brake. Regarding [7], neither boundary condition 
nor external forces were applied to the model as the model was let to be free-free boundary condition 
for calculation of modal properties using normal mode analysis SOL103 in MSC Nastran/Patran.  
 
 
3D-Modelling using CAD software 
 
 
Pre-processing in FEA package 
   
 
 
 
Post-processing in FEA 
 
 
Solver 
 
Figure 2. Flow for normal mode analysis of exhaust structure. 
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3. Modal testing procedure of disc brake structure 
In order to validate the predicted result computed in FEA, the measured dynamic properties of disc brake 
was carried out using modal testing. Modal testing or familiar as experimental modal analysis (EMA) 
was conducted to measure the structural response. As reported by [20], one of preferable technique to 
measure the structural response is impact hammer excitation owing to its fast, convenient, and fast 
diagnostic. This technique was implemented to measure the structural response of disc brake in the 
present study.  
In the beginning of experimental procedure, the configuration of equipment and test structure were 
setup as depicted in Figure 3. The disc brake was suspended by elastic cord such as Figure 4 to represent 
free-free boundary condition and this approach was reported by [21] in their work. The measurements 
were made using EMA software with several equipment such as 4 channels National Instruments (NI) 
data acquisition system (DAQ), impact hammer with transducer sensitivity 2.25 mV/g, tri-axial 
accelerometer with transducer sensitivity 100 mV/g for x-axis, 104 mV/g for y-axis, and 102 mV/g for 
z-axis. Roving accelerometer technique was employed in this setting same as practiced by[7]. In this 
technique, the disturbance will be created by impact hammer at fixed point while the accelerometer will 
be roved around 48 measurements point that assigned on the structure. The response will specifically 
relate to each point sketched in wire-frame structure such as Figure 5 in EMA software to simulate the 
mode shape once the measurement completed. 
During the testing, the output response measured by the accelerometer is in the form of Fast Fourier 
Transform (FFT). In order to extract the modal parameters, DAQ is used as FFT analyzer which 
converter the response in the form of FFT into frequency response functions (FRFs). Due to measured 
FRFs, modal parameters can be extracted using curve-fitting method in EMA software as illustrated in 
Figure 6. As supported by [4], EMA techniques have been dramatically improved within the past two 
decade with accurate modal post processing curve-fitting technique (modal extraction). 
The extracted modal parameters (natural frequency and mode shape) then were used to validate the 
predicted result from FEA in correlation process.  
 
 
 
Figure 3. Configuration of equipments and disc brake in experimental modal analysis (EMA). 
 
 
Tri-axial accelerometer 
attached on the test 
structure using wax 
Impact hammer used to 
excite the test structure 
Hang structure to 
represent free-free 
boundary 
conditions. 
Data acquisition system 
(DAQ) 
Computer installed with 
EMA software 
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Figure 4. Test structure hanged to replicate free-free boundary condition. 
 
 
Figure 5. Wire frame structure sketched in EMA software. 
 
 
Figure 6. Overlay traces of FRFs. 
 
4. Correlation 
In verifying and validate the predicted result from FEA, correlation process is implemented in this study. 
Regarding [22], correlation is a process where data from the experiment are compared with theoretical 
results. In addition, this correlation process also implemented by [7] where numerical analysis for 
dynamic behaviour of a body-in-white (BIW) structure are compared with modal testing results. 
Comparison of eigenvalue or natural frequency is tabulated in Table 1 while in Table 2 is comparison 
of eigenvector or mode shape between predicted result and measured counterpart. In equation (1), the 
percentage of error is calculated to demonstrate how far the predicted of FEA agreed with measured 
data in EMA. The bigger value of percentage of error indicates huge disparity while the small error 
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shows the agreement between EMA and FEA. Hence, the smaller error means the FE model is reliable 
to represent actual structure. The calculated percentage of error showed there is 9.00 % of error between 
EMA and FEA in Table 1. The discrepancies are able to be minimized using FE model updating 
approach that be discussed in section 5. 
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟 = |
𝑓𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
| 𝑥 100 (1) 
 
Table 1. Comparison between predicted results from FEA with measured data in EMA. 
Mode 
Natural frequency (Hz) 
EMA FEA Error (%) 
1 1480.00 1659.50 12.13 
2 2640.00 3061.40 15.96 
3 3480.00 3455.60 0.70 
4 3520.00 3873.00 10.03 
5 3700.00 3929.30 6.20 
    
Total average error  9.00 
 
 
Table 2. Comparison of mode shape between measured FRF in EMA and numerical prediction 
eigenvector by FEA for the first 5 mode of interests. 
Mode EMA FEA 
1 
 
1480.00 Hz 
 
1659.50 Hz 
2 
 
2640.00 Hz 
 
3061.40 Hz 
3 
 
3480.00 Hz 
 
3455.60 Hz 
4 
 
3520.00 Hz 
 
3873.00 Hz 
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5 
 
3700.00 Hz 
 
3929.30 Hz 
 
5. FE model updating 
Since FEA is numerical prediction method, it is possible that disparity will occurred when correlate with 
the measured counterpart from EMA. The difference occurred due to inaccurate FE model since 
simplification of structure details for complex structure and lack of knowledge of exact material 
properties [10]. FE model updating adopted in this study to overcome this obstacle. Model updating is 
essentially a process of adjusting certain parameters of FE model [12]. The following equation (2) is 
sensitivity analysis used to identify the most sensitive parameter in the analysis. 
 
 
𝐒 = 𝛟𝑖
T [
∂𝐊
∂θ𝑗
− 𝜆𝑖
𝜕𝐌
𝜕𝜃𝑗
] 𝛟𝑖 (2) 
 
where S indicates the sensitivity matrix, K and M are the stiffness and mass matrices respectively, while 
ϕ, λ and 𝜃 represent eigenvector, eigenvalue and parameter respectively. Furthermore, i indicate the i-
th eigenvalue and j for the j-th parameter [23-25]. 
Meanwhile, the minimisation of the discrepancies between the measured and predicted values was 
carried out via a residual based objective function in the form of equation (3) 
 
𝑚𝑖𝑛 ∑ 𝑊𝑗 (
𝜔𝑖
𝑛
𝜔𝑖
𝑒 − 1)
2𝑚
𝑗=1
 (3) 
 
Where 𝜔𝑖
𝑛 is the i-th predicted frequency and 𝜔𝑖
𝑒 represent the i-th measured frequency; 𝑊𝑗 indicates 
the weighting coefficient through which certain modes that required particular attention are assigned 
[14]. Both equation (2) and (3) are embedded in the optimization algorithm SOL200 that been running 
into MSC Nastran. The outputs of optimization accessible via F06 file such as updated eigenvalue and 
the sensitivity of parameters. 
As depicted in Figure 7 and tabulated in Table 3, three parameters which are Modulus Young (E), 
Density (RHO) and Poisson’s Ratio (Nu) are considered in the sensitivity analysis for five mode of 
interests. It showed Modulus Young and density are sensitive parameters while Poisson’s Ratio is light 
sensitive. There are only 4 iterations are taken to converge in this analysis such as showed in Figure 8. 
Regarding to [12], the updating procedure are significantly be made only to erroneous assumptions such 
material parameters not on model-structure errors. Hence, only three parameters are available to update 
in this study as mentioned earlier. This was supported in the published work by [2], there are only three 
parameters (Modulus Young, density and Poisson’s Ratio) were considered in identifying material 
properties effect on disc brake squeal. 
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Figure 7. Graph of sensitivity matrix analysis for the present study. 
 
 
The updated natural frequency of FE model accessed from F06 file then compared with the initial 
value of natural frequency as tabulated in table 3. The discrepancy successfully reduced from initial 
value 9.00 % of total average error to 4.05 % of total average error. Updated value of parameters that 
be suggested from F06 is tabulated in Table 4 with the changes calculated from its original value.  
 
 
 
Figure 8. Graph of iteration. 
 
 
Table 3. Comparison between initial FEA and updated FEA with measured data from EMA. 
Mode 
Natural frequency (Hz) 
EMA Initial FEA Error (%) Updated FEA Error (%) 
1 1480.00 1659.50 12.13 1527.45 3.21 
2 2640.00 3061.40 15.96 2777.72 5.22 
3 3480.00 3455.60 0.70 3190.52 8.32 
4 3520.00 3873.00 10.03 3560.00 1.14 
5 3700.00 3929.30 6.20 3611.93 2.38 
      
Total average error 9.00  4.05 
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𝐶ℎ𝑎𝑛𝑔𝑒𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = |
𝑈𝑝𝑑𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
| (4) 
 
 
Table 4. Value of parameters based on design variable of model updating approach. 
Parameter Initial value Updated value Changes 
Modulus of Young, E (GPa) 130 119 0.08 
Density, ρ (kg/m3) 7100 7728.35 0.09 
Poisson’s Ratio, ν 0.26 0.22 0.15 
6. Conclusion 
The present work is identified the dynamic behaviour of disc brake rotor using modal analysis approach. 
The analysis has been carried out through numerical prediction method via finite element analysis (FEA) 
software. Since the accuracy issue of material properties used to assign in the modelling process made 
from assumption, the discrepancy occurred when compared with measured dynamic parameters. Modal 
testing was carried out to measure the structural response in order to verify the predicted result computed 
in FEA. In attempt to reduce the discrepancy between predicted and its measured counterpart, FE model 
updating technique applied in this study with respective updating parameters. After been updated 
iteratively, the discrepancy between EMA and FEA successfully minimized from 9.00 % of total average 
error to be 4.05 % of total average error. As conclusion, FE model updating approach is feasible to 
produce a reliable FE model in numerical analysis before been used for further analysis. 
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